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Abstract - The Compact Muon Solenoid (CMS) Is one of the 
experiments, which are bcing designed in the framcwork of 
the Large Hadron Collidcr (LHC) project at CERN. The 
deslgn field of lhe CMS magnet is 4 T, the magnetic length is 
13 m and the aperture i s  6 m. This hlgh magnetic field is 
achieved by means of A 4 layer, 5 modules superconducting 
soil. The col1 Is wound from an AI-stabilized Rutherford type 
conductor. The nominal current o f  the magnet is  20 IrA rtt 
4.5K In the CMS coil the structural function Is ensured, 
unlike in othcr cxisiing AI-stabilized thin solenoids, both by 
the AI-alloy reinforced conductor and the cxternal formcr. In 
this paper the retained manufacturing process of thc SO-km 
long reinforced conductor is described. In general the 
Rutherford type cable is surrounded by high purity 
aluminium In II contlnuous co-extrusion process to prorluce 
the Insert. Thereafter the reinforcement is joined by Electron 
Beam Welding to the pure AI of thc insert, bcforc bcing 
machlned to the final dimcnsions. During the manufacturc 
the bond quality between the Rutherford cable and thc high 
purlly rlumlnlum as well as the quality of the ER welding are 
continuously controlled by a now1 ultrasonlc phased array 
system. The diinenslons OC the insert and the final conductor 
arc mcasiired by Laser micrometer. 
I .  INTRODUCTION 
Thc Compnct Muon Solenoid (CMS) i s  one of the 
experiments, which are bcing designed in thc framcwork of 
the Large Hadron Collidcr (LHC) projcct at CERN. The 
design field of the CMS magnet is 4 T, the magnetic length 
is 13 m and the apertureis 6 m [l] ,  [2]. 
Thc thin aluminium stabilised solenoids developed in the 
past 15 years show common characteristics. In all thcsc 
magnets (CDF, TOPAZ, VENUS, H I ,  ZEUS, DELPHI, 
ALEPH etc.) the hoop strength is providcd by an aluminium 
alloy cylinder, which contains the winding. Since the fmt 
development of the CMS solcnoid dcsign, it was clcar that 
such a solution wouId not lcad to a wcll balanccd mcxhanical 
structure, because four layers of soft aluminium conductors 
would have CO be contained inside a thick ahminium alloy 
cylinder. 
’ 
These preliminary considerations led to the concept of a 
ncw conductor, which provides the hoop strength, due to the 
inclusion of the reinforcement in thc conductor structure. 
__________________----  
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TI. THE CONDUCTOR 
The design of a sclf-supporting structure obtained by 
mechanically reinforcing tlic conductor makos this 
componcnt morc complcx than other aluminium-stabilised 
conductors, previously uscd for thin solenoids. The 
conductor must satisfy simultancously mechanical and 
industrial fcasibility requirements. This fact has been 
identified since the beginning of thc project and it has lcad to 
devclopmcnts in scvcral pard le1 directions. The overall 
dimensions and the sub component proportions arc 
determined by the gcncral coil design, according to 
mechanical strength, qucnch protection and stability 
requirements. However, tlicsc rcquirements can be met by 
many different conductor configurations. Several 
configurations havc bccn studied. These studios have rcduced 
the spcctrum of options and the conductor structure and 
possible fabrication technologies have bccn dccided. This 
has rcsulted in the so called “block” conductor configuration, 
shown in Fig. 1, which satisfies both mechanical and 
fabrication rcquircmcnts. 
The CMS conductor compriscs thrce components: thc 
Rutherford type supcrconducting cable made of 32 
superconducting strands, the high purity aluminium 
stabilizer and thc aluminium alloy reinforcement. The 
overall characteristics arc givcn in Table 1. 
A. Superconducting strnnds 
The SC strand has becn dcsigiied based on the experience 
acquired in thc devclopmcnt of wires for previous aluminium 
stabilised solenoids and for the I,HC superconducting 
dipoles. Because of thc rcsaictcd space within the aluminium 
stabiliser, the strand layout must bc optimised in order to 
minimisc degradation of the eleclrical prupcrtics duc to the 
conductor manufacturing process. This is very important 
bearing in mind that around 16 tonnes of superconducting 
material will be nccdcd for thc whole winding. 
TABLI:, 1 
CMS CONDUCTOR MAIN CllARACKRlSTlCS 
Nominal design current 20.0 kA 
Rated current 19.5 kA 
Critical currciit ai 4.2 K and 5 Tesla 55 kA 
Total length of conductor 50 km 
Conductor ovenll dimension (bar 6 4 ~ 2 1 . 7  nun 
section) 
Component cross sectioi~ areas 
High purity aluminiiim area 659 mm’ 
Aluminium alloy area 892 mm’ 
Superconducting cable overall 53.6 mni’ 
area 
Total weight of components 
High purity aluminium 81 t 
Aluminium alloy IO0 t 
Superconducting cable i6 t 
396 
32 strands 01 280 
7 J“’ 
0 Al99.998 a AA6082 ‘ 
Pig. 1. Cross section o f  the W S  aluminium stabilised and reinforced 
supercoi~ducting conductor. 
The superconducting strand is a inultifilamentary wire 
made of  high homogeneity NbTi alloy filaments sheathed 
with a Nb b d c r  and co-exbudcd in a high purity copper 
matrix. The rcquied critical current dcnsity of 3 140 A/mmZ 
at 4.2 K and 5 Tesla is at the upper limit of industrial 
possibilities. The finished strand is heat treated to provide a 
fmal copper residual resistivity ratio RRR > 100. RRR is 
defined as, the ratio in electric resistivity of a material at 
273 K and 4.2 K, respectively. A typical cross section d 
such a suporconducting strand is shown in Fig. 2. 
To demonstrate the feasibility of euch a wire we carried out 
a so-called “crash program” with wire of a potential 
manufachuer. 36 strands were cabled to a Rutherford type 
cable and extruded. Ry cutting md machining an insert of 32 
x 22 mmZ wlls manufactured. By means of this insert we 
could prove that the process is industrially fcasibk and the 
degradation i s  within 10% as it is shown in Table 2. 
In accordance with the above spccification we asked 
companies to deliver wire with a critical current of 1925 A at 
4.2 K and 5 Tcsia. Thc criteria for the critical current 
measurement was IO pV. Five companies delivered wires 
but only three companies fulfilled the above specification. In 
a long evaluation process finally we shared the contract Ex 
the wirc between two companies. 
Nominal strand diameter 1.280 mm 
(0 + Nb barrier)/NbTi 1.1 h0.1 - -  
Virgin wire critical current ai 4.2 K and 1’875 A 
9 Tesla Criteria 10 pV 
Cabled wire critical current at 4.2 K 1’903 A 
and 5 Tesla. Criteria 10 pV 
Extruded wire criiical curtent at 4.2 K 1’820 A 
and 5 Tesla. Criteria 10 p v  , 
Fig. 2 Typical cross section of a superconducting strand 
Strand materials, strand design, and all strand 
manufacturing proccsses and inspections, are sclccted by the 
wire manufacturers, 
The unit length of thc cable i s  2550 m, thmfore the strand 
will be furnished in unit lengths which are multiples d 
2750 m. The total length of strand requircd is 1760 km (20 
x 32 x 2750 m). 
The characteristics and parameters of thc superconducting 
strands arc summarized in Table 3. 
B. Ruthedord Type Cable 
The supcrconducting strands are asscmbled to fom a flat 
cable of thc Ruttierford typc. The cable dimensions are 2.34 
x 20.7 mm’; the compaction density is about 88%. T h e  
chosen conductor is vcry similar to the one we uscd for the 
“crash program”; the only differencc is the number of strands. 
Unit Iengths of 2.6 km for such a cabIc are within indusrriaI 
capabilities. 
In this type of conductor it is recommended to use a IOW 
compacting ratio both to ensurc a small critical current 
degradation and to iniprovc the bonding between the cable. 
and the aluminium. 
TADI,I! 3 
ms SUPERMKDULTINCi SZUNDS C~~ARACIERISTICS 
c 
Strand Canstltuent Materlal 
High Bomogenoily NbTi Nb 47*1 Wt % Ti 
High Purity Copper RRR > 300 
Niobium Reactor Grade I 
Strand Deslgn Parameter Parameter 
Strand Diameter [mm] 1.280 f 0.005 
(Cu + barrier)/SC Ratio 1 I 110, I 
Niobium Barrier Required 
Filament diameter [am] 40 
Number of filaments > 500 
Strand Unit Length [m] 
Stmd Minimum Critical current IC [A] 1925 
(IC Criteria: 4.2 K, 5.0 Tesla, 10 p V h )  
3 40 N -value 
l inal  Copper RRR 100 
2750 m 
397 
E. Ahmfnium Alhy  Reinforcement 
In order to withstand elcctro-mechanical forces within the 
coil the above described extruded insert is rcinforced by 
electron beam welding i n  a continuous proccss on both side 
with an high strength aluminium alloy. Thc alloy chosen for 
thcsc rcinforccmcnts is the precipitation heat-treatablc alloy 
AA 6082 in an artificially agcd state. Thc aluminium alloy 
is dclivcred in unit lengths of 2’600 m wound onto wooden 
spools. The cross section is slightly oversizcd to get enough 
incltcd matcriaI for thc EB welding process. About the 
characterization of this alloy more information is given in 
[a 
C. High Purity Aluminium 
As stability and thcrmal analysis calculation have shown 
[3 1, the use of high purity aluminium with an RRR value at 
zero field of approximately 800 i s  csscntial. Early 
investigations by Fickett [4] haw shown that for a low 
resistivity of  thc high purity aluminium thc total contcnt uf 
impuritics is not important but thc contcnt af 
(Fc+Ti+Cr+V+Mn). Therefore we spccificd both the 
maximum impurity with 20 ppin as wcll as the minimum 
RRR with 1500 at zero field. 
From delivered aluminium billets as well as horn extruded 
conductor, samplcs o f  3 x 3 x 40 mm were prepared by spark 
machining tcchnique. This technique of machining was 
chosen to avoid strain-induced dcgradation in thc samples. A 
chart of HRR measurement vs. transvcrsc ficld is shrjwn in 
Pig.4. More details about RZRR mcasurcmcnts arc given in 
153. 
D. Co-extrusion Process 
Bccausc of the low Cu/SC ratio thc conductor has to be 
clcctically stabilised by addition of high purity aluminium 
shcath. For this shcathing of thc Rutherford type cable with 
high purity aluminium, a continuous 3800 ton aluminium 
prcss was uscd at Alcatcl Cable Suisse (ACS) S.A. 
Cortaillod. This press is usually used for the production of 
aluminium shcathcd power cable and allows a continuous 
extrusion over long length of time. The aluminium ingots 
are introduced into the press from the top of the machine and 
the Rutherford cable is horizontally inserted dong a straight 
line. While advancing, the cable is mechanically clcaned and 
pre-heated under a neutral gaseous atmosphere. The 
preheating ofthe ingots and of the cable before extrusion have 
been selected to have the minimum degradation on the 
current capacity and assuring the best quality of bonding 
between the aluminium and the Rutherford cable. Thc co- 
extrusion process rcquires heating the aluminium up to 
420 “C. 
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In ordcr to obtain thc final conductor, the insert must bc 
mechanically coupIcd to thc aluminium alloy reinforcemcnt. 
Different techniques, ns co-extrusion in one or two steps, 
were studied in the framework of an R&D program They 
were abandoned because cxtmsion of the aluminium alloy 
has to be done at a tcmpcrature of about 500 “C, which is 
excessive for the superconductor integrity, 
As described elsewhiere [7] electron beam welding (EBW) 
tests at CERN have initially been performed on the “ribbon” 
conductor configuration, and subsequently on the “block” 
conductor configuration, shown in Fig. 1. Aluminium alloy 
candidates for the reinforcement material requirc having good 
mechanical propertics at cryogcnic temperatures and good 
weldability to pure aluminium: 6082 T6 and 22 19 T87 werc 
retained for thc tests. Thc issucs of cost, availability and 
corrosion resistancc of 2219 will also requirc mfid 
consideration in making thc final selection, Alloys 5083 and 
7020 WCTC rcjcctcd on thc grounds of their insufficient low 
temperature strength and toughness, respectively. 
EBW is an asscmbly technique, which allows making 
high quality welds in n continuous process. It can be 
applied to the CMS conductor to fix a reinforcing section on 
each side of the extruded inscrt. The energy transfer during 
EBW is localised to a narrow melted region at the stabiliser- 
rcinforccmcnt intcrfacc. The abscncc of a heat affected zonc is 
an indication that thc gcncral temperature rise of thc 
supcrconducting cable and the aluminium matcrials is 
limitcd. 
Thc proccss must bc applied undcr vacuum in spccial 
welding equipment, which has to be continuous and fully 
automatcd. Thcrc arc scvcral industrial applications of this 
type in continuous operation showing that dynamic gating is 
an operational technique. Two Electron Bcam generator 
systems will provide the heat source required for heating up 
the sur€m to be welded, and a dedicated tooling will bc 
installed to prcssurisc thc heatcd zonc in ordcr to form the 
welded joint. As shown in sclicmatic drawing (Fig. 5), 
guiding rollers assure the precise handling of tho material 
through the cntirc welding system. 
Fig. 4: Magneto-resistivity of high purity aluniiiiium io transverse tiald 
between 0 and 6 Tesla. 
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Fig, 4 Schematic view of the EB welding inwhine 
111, ON-LWE QUALITY ASSURANCE 
Apart from numerous short sample tcsts and standard 
continuous control methods wc havc developed two systems 
for the on-line quality assurance. The one is a multi-probc 
ultrasonic system for thc bond measuremcnt during extrusion 
and for thc weld quality control during EB welding, the 
other one is dimension measurement equipment. 
A .  Continuous bond quality control 
For satisfactory opcralion of tlic conductor good bonding 
between tlic different constituents must be guarantccd. Thc 
main reasons arc cooling efficiency of the superconductor, 
current transfer to the high-purity aluminium in case of an 
emergency shutdown and mcchanical stability I Modcrn 
ultrasonics i s  a well-known non-dcstructive techniquc to 
detect rcgions of disbonding. For short samples conventional 
mechanical C-scanning is appropriate [8]. For CMS- and 
ATLAS conductors, however, a ncw conccpt was neccssary. 
Subsequently, we have dcvclopcd an inspection system 
bascd on phased-may technology. Two ultrasonic probes, 
each having 64 indcpendcot elcments, allow a continuous 
bond quality control of the whole width on both sides of the 
conductor. Thc inspection is donc in-line during production 
(1.5-5 m/min). In Fig. 6 phased-may C-scans of two 12 m 
long conductors arc depicted. The images show the ccho 
amplitude due to thc interface high-purity 
aluminium / superconductor. The uppcr sample rcvcals good 
bonding, whereas the lower sample has disbonded areas (dark 
regions). Up to now about 15 km of CMS and ATLAS 
conductors havc been successfully inspectcd with the phased- 
array system. The same tcchnique will be appliccl for the 
control of the elcctron-beam welding of thc reinforcement of 
the CMS conductor. 
B. Conductor Dimensions Memircment 
The knowledge of thc conductor dimensions is cssential for 
thc coil winding operation. Becausc within a single modulc 
over 100 turns are placed side by sidc, an oversizc of the 
conductor by only 0.2 mm CRUSCS tlic loss of oiic tun1 
Thercfore we devcloped a profilc measuring system based 
Fig. 6: Phased-array Cmans of two 12 m long conductors, The upper 
sample reveals good bonding between the high-purity AI and the flai-band 
cable, whereas the lower sample hRs disboiildingr: alang the edges (dark 
regioiis), 
an laser micrometer technique. Always two laser 
micrometers are placed on either sidc of thc profile, which 
“ a r c  the distance between s d k e  and tlic Laser probc by 
the triangulation mcasuremcnt. Every 15 scconds thc 
measured values are cokcted by a data acquisition systcm. 
A computer connccted to thc system calculates the thickness 
and the width of the conductor. Thc operator follows the 
production on ttic screcn and if necessary, hc can react. A k r  
thc production is finishcd a protocol of the mcasured data 
will bc printcd out. 
The dcsign field of thc CMS magnct is 4 T .  This high 
magnetic fcld is achicvcd by means ofa 4 laycr, 5 modules 
super-conducting coil. The coil is wound from an Al- 
stabilizcd Rutherford typc conductor. For the cable 32 
sophisticated superconducting strands arc used. Thc insert is 
manufactured by a co-extrusion process in a continuous 
aluminium press. To improvc the incchanical stability of thc 
conductor, on either side of the insert two profilcs of 
Ah6082 are attached by clectron beam welding. For thc 
quality control novel systems were dcvelopcd. 
Iv. SUMMARY 
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